Soft colloids are elastic and deformable colloidal particles with a dual character somewhere between polymers and hard spheres. As a consequence of their hybrid nature soft colloids exhibit a larger variety of behaviours with respect to hard colloids still largely unexplored and able to provide new insight into the glass transition. Here the dynamics of a soft microgel made of interpenetrated polymer networks of PNIPAM and PAAc is investigated through X-ray Photon Correlation Spectroscopy and Dynamic Light Scattering. The existence of two dynamical regimes with increasing packing fraction is found, it is characterized by a crossover of the structural relaxation time at a critical concentration C * w from a super-Arrhenius growth to a slower than Arrhenius behaviour. This transition is also accompanied by a minimum of the β exponent in correspondence of C * w and by the existence of different diffusive regimes. A theoretical prediction to describe the experimental data is provided: at very low concentration the dynamics is well described by a Fickian diffusion, at intermediate concentrations an effective non Fickian anomalous diffusion has to be considered, while at the highest investigated concentrations the emergence of a ballistic motion is well described within the Mode Coupling Theory. Moreover the fragility of IPN microgels can be tuned by varying the particle softness thanks to the mutual PNIPAM-PAAc
Introduction
In the last decades many works have been focused on the study of the glass transition in complex systems aiming at understanding differences and similarities between structural glasses (SG) and colloidal glasses (CG) [1] [2] [3] [4] . In the case of structural glasses, as the liquid is rapidly quenched below its melting temperature, it undergoes a glass transition avoiding nucleation and crystallization. In colloids the transition is instead triggered by volume fraction φ or waiting time t w (signaled by an aging phenomenon) whose increase drives the systems in an out-of-equilibrium configuration playing the role of 1/T . Therefore changing control parameters like temperature, packing fraction or aging time, in both structural and colloidal glasses induces a slowing down of the dynamics yielding to a dramatic increase of the characteristic relaxation time (τ(T ), τ(Φ), τ(t w )) by several orders of magnitude up to reach a glassy state. The most direct way to access microscopic information on the relaxation dynamics is to look at the evolution of the intensity autocorrelation functions well described by the Kohlrausch-Williams-Watts (KWW) expression F(Q,t) ∝ exp(−(t/τ(Q)) β ) where τ is an "effective" relaxation time and β measures the distribution of relaxation times (associated with simple exponential decays) and assumes generally positive values β <1 (stretched behaviour). However recently an anomalous dynamics, characterized by a shape parameter β >1 (compressed behaviour), has emerged in out of equilibrium states of different materials like colloidal glasses [5] [6] [7] [8] [9] [10] [11] [12] [13] , gels [14] [15] [16] [17] [18] [19] , supercooled liquids [20, 21] , metallic glasses [22, 23] , polymeric systems [24] [25] [26] , ceramics [27] and investigated also in theoretical [28] [29] [30] [31] and simulation [32] [33] [34] [35] works. The existence of stretched and/or compressed correlation functions is currently a very debated issue also faced in this work.
Despite of many studies on the glass transition in SG and CG several questions are still open: Is the structural relaxation behaviour peculiar of the specific investigated system? How does it depend on the control parameters? What is the β parameter behaviour? What happens to the diffusive dynamics of the equilibrium liquid? In this paper, combining X-ray Photon Correlation Spectroscopy (XPCS) and Dynamic Light Scattering (DLS), we answer these questions investigating the behaviour of the structural relaxation time and β exponent for a soft colloid. Soft colloids are an interesting class of glass-formers that, at variance with hard sphere-like colloids, provide a good tunability of particle softness giving rise to unconventional phase-behaviours [36] [37] [38] . They are indeed aqueous suspensions of nanometre-or micrometre-sized hydrogel particles sensitive to external stimuli whose dimension and effective volume fraction can be varied by changing external parameters such as temperature and/or pH.
The most studied responsive microgels are those based on the thermo-sensitive poly(Nisopropylacrylamide) (PNIPAM), with a reversible Volume Phase Transition (VPT) at about 305 K. It has been largely investigated both theoretically and experimentally [39] [40] [41] [42] [43] [44] [45] [46] [47] . In this work we will study a PNIPAM-based microgel with a second interpenetrated polymer network (IPN) of poly(acrylic acid) (PAAc) [48] [49] [50] [51] [52] [53] [54] [55] [56] that provides additional topological constraints to the particles and extra charges to the system. In this way the IPN microgel softness can be controlled by synthesis varying the amounts of poly(acrylic acid).
Experimental Methods
The dynamic structure factor has been investigated over a wide range of scattering vectors Q, correlation times t, weight concentrations C w and PAAc content C PAAc through combined XPCS and DLS techniques.
XPCS measurements were performed at the ID10 beamline at ESRF in Grenoble using a partially coherent x-ray beam with a photon energy of 21 keV. A series of scattering images were recorded by CdTe Maxipix detector (photon counting) and the ensemble averaged intensity autocorrelation function g 2 (Q,t) =
, where ... p is the ensemble average over the detector pixels mapping onto a single Q value and ... is the temporal average over t 0 , was calculated by using a standard multiple τ algorithm [57, 58] . XPCS data were complemented by DLS measurements performed at the CNR-ISC laboratory. The monochromatic and polarized beam emitted from a solid state laser (100 mW at λ = 642 nm) was focused on the sample placed in a cylindrical VAT for index matching and temperature control. The scattered intensity was simultaneously collected by single mode optical fibers at five different scattering angles, namely θ =30°, 50°, 70°, 90°, 110°, corresponding to different scattering vectors Q, according to the relation Q=(4πn/λ ) sin(θ /2).
The investigated samples were IPN microgels synthesized by a sequential free radical polymerization method, then purified, liophylized and diluted in water to the desired concentration under magnetic stirring for 1 day. A more detailed description of the preparation protocol is reported in Ref. [59, 60] . Samples at different concentrations were obtained by dilution at pH close to 5.5. The respective particle concentrations φ =nV 0 were calculated from the number density n=N A ρ/M w where N A is the Avogadro number, ρ the density, M w the molecular weight of the particles and V 0 = 4 3 πR 3 0 is the microgel particle volume at infinite dilution. Measurements were performed on aqueous suspensions of IPN microgels at five PAAc content (C PAAc =4 %, C PAAc =9 %, C PAAc =20 %, C PAAc =23 %, C PAAc =29 %), fixed temperature above the VPTT (T =311 K), different particle concentrations in the range C w =(0.05 ÷ 5) % and acidic pH (pH ∼ 5.5) in the Q range Q=(0.006 ÷ 0.063) nm −1 below the peak of the static structure factor. The particles radius of the investigated sam-
increases with PAAc content as reported in [61] . Figure 1 shows DLS and XPCS intensity autocorrelation functions for IPN microgels with fixed PAAc content (C PAAc =29 %) at different concentrations C w and fixed temperature (T =311 K) when the particles are in the shrunken state. At low C w values the intensity scattering functions are well described by a monomodal decay capturing the particle diffusion in the high dilution limit. As the particle concentration increases a dynamical decoupling is observed and a two-step relaxation, characteristic of glass-forming systems approaching the glass transition, comes out. The monomodal decay for C w ≤0.6 % and the final decay for C w >0.6 % are well described by the Kohlrausch-Williams-Watts expression [62] :
Results and Discussion
where b · A 2 is the coherence factor, τ the structural relaxation time and β the shape exponent, representing a phenomenological hallmark of glass forming liquid dynamics.
The fits are shown as full lines in Fig. 1 .
The structural relaxation time τ is reported in Fig. 2(a) . An interesting behaviour shows up: at low C w τ grows exponentially up to a critical concentration value C * w ∼0.6 % with a Vogel Fulcher Tamman (VFT) behaviour τ = τ 0 exp(
) where C w replaces 1/T and C w0 sets the apparent divergence. Above C * w it suddenly increases as a power law τ ∼ C α w with α = 2.6 ± 0.1 signing the existence of two different dynamical regimes. The relaxation time vs aging time t w of an hard colloid, the largely studied Laponite ® suspensions [6, 10, 64, 65] , is reported in Fig. 2(b) from Ref. [8] . It changes from a VFT behaviour τ = τ 0 exp( [5, 7, 8, 12] where t w replaces 1/T and t ∞ w sets the apparent divergence [66, 67] , to a slower than Arrhenius behaviour with increasing t w . Moreover in Fig. 2 (c) the temperature dependence of the structural relaxation time for a metallic glass from Ref. [23] is shown. Also in the case of metallic glasses, widely investigated in the last years [22, 23, 68] , the existence of two dynamical regimes below and above the glass transition temperature T g has been observed. After T g the weaker temperature dependence of the structural relaxation time is well described, by an Arrhenius behaviour. It is worth to note that the dynamical crossover is reached by increasing concentration (Fig. 2(a) ) or waiting time ( Fig. 2(b) ) in colloidal glasses and by decreasing temperature (Fig. 2(c) ) in structural glasses. Our findings for IPN microgels suggest that a unifying scenario can be provided:
the slowing down of the dynamics achieved by varying packing fraction [47, 69] , waiting time [5, 7, 8, 12] or temperature [22, 23] is accompanied by a super Arrhenius increase, typically VFT, of the structural relaxation time followed by a slower than Arrhenius or an Arrhenius behaviour. Thus the existence of two different dynamical regimes is a general feature of soft colloids, hard colloids and structural glasses.
To complement these observations, we report in Fig. 2(d) the behaviour of the β parameter derived from the fits through Eq.(1). Surprisingly we find that the dynamical crossover at C * w is signaled by a sharp change of the shape parameter β from stretched (β < 1) to compressed (β > 1) in the high concentrated samples that we attribute to rising Power exponent from fits trough Eq.2. Blue full line is the predicted behaviour from Eq.9 while green full line is the predicted behaviour using Eq.7 for all C w .
stresses deriving from the high packaging of the particles. As in the case of the structural relaxation time, the behaviour of β is shown for the hard colloid of Ref. [8] as a function of t w (Fig. 2(e) ) and for the metallic glass of Ref. [23] as a function of 1/T (Fig. 2(f) ). It is evident that for all these systems the dynamical crossover driven by C w , t w or T is always accompanied by a discontinuity of β , corroborating the existence of a universal behaviour regardless of the control parameter and the specific interactions of the system. It is worth to note that in the first dynamical regime β decreases below 1 while in the second one it increases to values up to ≃ 1 ÷ 1.5 depending on the system. This deviation from the common stretched behaviour can be attributed to the development of internal stresses at the transition [8, 14, 22] . The peculiar values of each system depend on the specific materials, on its history and/or on the preparation protocols whose optimization and control is subject of theoretical and experimental investigations.
The Q-dependence of the structural relaxation time for IPN microgel suspensions containing 29 % of PAAc at T =311 K in the Q range Q=(0.006 ÷ 0.063) nm −1 is reported in Fig. 3(a) at different concentrations. The data are well fitted through a power law
shown as solid lines in Fig. 3(a) . The behaviour of n as a function of concentration is reported in Fig. 3(b) . In the first dynamical regime, for low concentrations (C w ≤ 0.1 %) a quadratic wave vector dependence with n ∼ 2 is found, this behaviour, typical of diffusive dynamics, is ruled out at increasing concentration where an increase of viscosity, observed by eyes, is accompanied by unusual values of n up to n∼5. In the second dynamical regime n suddenly decreases down to values n ≤ 1 where the case of n ∼1 is characteristic of the ballistic motion of particles. The crossover between the two dynamical regimes is characterized by a maximum in correspondence of the critical concentration value C * w and is also associated to the observed crossover of the structural relaxation time (Fig. 2(a) ) and β parameter (Fig. 2(d) ). Aiming to explain this behaviour we consider that at low concentrations (C w < 0.1 %) the diffusion process is well described by Fickian diffusion, as the case of particles Brownian motion, and the mean square displacement < r 2 (t) > has a time linear dependence according to:
where D is the particles diffusion coefficient. At increasing concentrations (C w > 0.1 %) the system starts to became spatially heterogeneous, particles are no longer free to move as in the case of pure diffusive dynamics since they are trapped in cages characterised by different persisting times. In our experiments, since we are probing scattering vectors Q in the range Q=(0.006 ÷ 0.063) nm −1 that corresponds to length scales up to ten particles radii (R=(103 ± 4) nm), we are sensitive to these heterogeneities, with a resulting failure of Eq. 3 and the appearance of a non-Fickian anomalous diffusion [70] described by:
with an effective diffusion coefficient [71, 72] D(t) = Γt β −1 . The diffusive dynamics (Eq. 3) is recovered when β = 1 and D(t) = Γ = 6D. For 0 < β < 1 the dynamics is subdiffusive and for β > 1 is superdiffusive, with the special case of β = 2 corresponding to ballistic motion.
The mean square displacement, in the Gaussian approximation, is related to the intermediate scattering function as [62] :
that, using the generalized mean square displacement of Eq. 4, becomes F(Q,t) = exp(− Q 2 Γ 6 t β ). The comparison with the KWW expression of the intermediate scattering function
6 t β and:
that provides:
In the case of diffusive dynamics with β =1 one gets the typical τ(Q) ∝ Q −2 behaviour while in the case of ballistic motion of particles with β =2 τ(Q) ∝ Q −1 . A comparison between Eq.2 and Eq.7 gives n = 2/β . This behaviour is reported in Fig.3(b) as green line.
One can observe a good agreement with the experimental data only for C w < C * w . The critical concentration C * w , characterized by a relaxation time of the order of seconds, sets the transition from a fluid to an intermediate state that is visually arrested, as shown in the top photograph of Fig.2 . For C w ≥ C * w the dynamics is progressively slowed down going towards a glassy state, as witnessed by the increasing relaxation times up to values of the order of thousand seconds. In this condition the Gaussian approximation of Eq.5 turns out to be increasingly inaccurate [73] and, in order to describe the dynamics approaching the glassy state, we refer to the Mode Coupling Theory (MCT) [74, 75] that provides a different Q-dependence of the structural relaxation time as:
Surprisingly for C w ≥ C * w a perfect agreement is now observed as shown in Fig.3(b) (blue full line). Therefore the experimental data are well described through:
In order to understand the role of particles softness on the dynamics we report an Angell plot [76] of IPN microgels in Fig.4 . More recently in fact the unifying concept of fragility has been extended to colloidal suspensions by replacing the inverse of temperature 1/T with concentration C w [44, 45, 50, 77] and many efforts have been devoted to understand the effect of softness on fragility [50, [77] [78] [79] . To this aim we performed measurements on microgels as a function of particle softness by changing PAAc content. In particular in Fig.4 (a) the normalised structural relaxation time at different PAAc content is reported as a function of packing fraction φ . One can observe two main features: the normalised structural relaxation time has a smoother and smoother packing fraction dependence with decreasing PAAc content and secondly a divergence occurs at lower packing fraction for particles with higher PAAc content. This can be related to the higher dimension (R increases from 56 nm to 130 nm) of particles and to the presence of increased interactions due to COOH groups belonging to PAAc chains as deeply discussed in [61] . Our data are well described by the VFT equation:
where φ 0 sets the apparent divergence, D φ controls the growth of the structural relaxation time on approaching φ * and τ 0 is the characteristic structural relaxation time in the high dilution limit. This result points out that, as in the case of molecular glass formers [76] , different dynamical behaviours can be achieved in microgels by changing PAAc content.
In order to obtain a renormalized Arrhenius plot we rescale φ by the packing fraction φ * as shown in Fig.4(b) . φ * is defined as the packing fraction where the relaxation time is the same. At increasing PAAc content the curves depart more and more from the Arrhenius- The slope of the data at φ = φ * defines the fragility as:
that is related to the particle softness provided by the swelling ratio defined as:
where R swollen H =R(T =297 K) and R shrunken H =R(T =311 K). Particles with higher softness can shrink more, providing an higher value of α. Interestingly it has been recently shown that α decreases with increasing PAAc content interpenetrated within the PNIPAM network [61] .
We can explore the role played by softness plotting the fragility m as a function of α (Fig.4(c) ): it decreases with increasing softness in agreement with very recent theoretical results on the role of deformation in soft colloids [80] . Therefore the fragility of IPN microgels can be tuned by changing PAAc concentration. A clear picture of the relation between softness and fragility is thus provided: higher is the PAAc content stiffer are the particles, thus yielding to more fragile systems. This behaviour can be ascribed to the interpenetration of the second polymeric network that, introducing both additional topological constraints and extra charges, modulates the softness of the system.
Conclusions
In conclusion through XPCS and DLS measurements we have shown the existence of two dynamical regimes in PNIPAM-PAAc IPN microgels with a crossover of the structural relaxation time accompanied by a clear change of the β exponent from stretched (β <1) to compressed (β >1). The comparison with similar behaviours found in hard colloids and in metallic glasses indicates that these are general common features of different systems regardless of the control parameters (C w , t w , 1/T) and of the specific interactions at stakes.
The scattering vector dependence of the structural relaxation time in IPN microgels has shown a surprising behaviour of the derived power exponent with a maximum in correspondence of the dynamical crossover. We provide a theoretical prediction that well describes the experimental data: at very low concentration the dynamics is well described by a Fickian diffusion, at intermediate concentrations an effective non Fickian anomalous diffusion has to be considered, while at the highest investigated concentrations the emergence of a ballistic motion is well described within the Mode Coupling Theory. Moreover in IPN microgels an additional control parameter comes out: interpenetrating different amount of PAAc originates particles with varying softness allowing to modulate the fragility of the system. In particular the concentration dependence of the structural relaxation time can be easily controlled and the stiffest particles undergoes the dynamical crossover at the lowest particle concentration. This implies that increasing particle softness moves forward the critical packing fraction for the transition. All these findings add new insights to the so far debated stretched to compressed transition and contribute to the further understanding of the role of softness in the fragility and to the analogies and differences between colloidal and structural glasses. In order to further test our findings and hypothesis, more experiments on a wide range of systems, will be useful.
